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Abstract
Neural nc[works,  based on highly parallel biological systen  IS, Wrfor-in efticicnt  patterl] rccognit  ion and optitnizat  ion
functions bccausc of their capability to “learn” from examples, Since they degracic  gracefully with individual dcvicc
failure, they arc suitable for a variety of space, military, and civil applications, providing cnhanccd  spxd,
autonomy,  and intciligcncc, llo~h NASA and DOD require VLSI hardware to, bc space-worthy and hence the . .;,
dcgradwon behavior of the neural network is of irnportancc.  The paper summari~~s  the neural  network cxpcnmcn(
conducted for the Space Tcclmology Research Vchiclc (STRV) 1-b launched in JUIIC 1994.

A set of idcn[ical  analog feed-forwrd neural network chips was used to s[udy and compare the effects of
space and ground radiation on the dcvicc  characteristics. Rcconf@rablc synapses as multiplying digital-analog
convcrtcm  with weights stortd in digital memory and neurons as variable gain ampli  ficrs with sigmoidal  output
were used in the fccdforward  architcchrrc.  The network and dcvicc charactcrisitics  ~vcrc moni[ored  in ground-based
testing with high energy electron, proton, and gamma radiation; and during p,cotmnsfcr orbits in flight using
shielded and exposed identical VI.SI chips.

Ground based dcgmdat ion depended on whcthcl  the chips were electrical Iy biased during test or not.
Unbiased chips were operational to about 100 krads of total dose. Space based radiation was mostly with the chips
unbiased, with a total dose of about 11 krads during 228 gcotmns[cr  orbits. The slope of the linear part of the
synapse-neuron sigmoidal  t ransfcr  curve was found to bccomc stec]zr with incrcasi n~ dose. A correlation of the
slope dcgrada[ion  was obtained bctwccn ground and space raciiailon. q’his  p?pcr ptovidcs  a summary of the
cxpcrimcn(s  and accumrrlatcd and analyz.cd  data, and points out three failure Illcchani sins.

introduction . . A’
The Space Technology Research Vchiclc  (S1’RV) is a dcvclopmcllt  of the United K ingdom>s Dcfcmc  RCSC

$
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Agency (DRA). Two satellites, designated STRV 1-a and 1-b. were launched into a geosynchronous tramfer  o it
(each orbit of about 10.25  hrs duration) b! an Ananc  4 rocket on June 17, 1994,  Part of the payload capacily  on
STRV-lb was taken by the innovative Sclencc and Technology offkc of the 13allistic  Missile Dcfcmc Organization
(13 MD0/lSrI’)  with Jet Propulsion I.abomtory (JPI,) advarlccd tcchl]ology  cxWnmcnts  coupled with ground-based
testing. Onc of thcnl \vas the VLSI chip ~vith analog neural ncttvork.  the results of ~vhich are summarized here.

NW ri~l Nct w~~k Architect rC
A fccclforwarct  neural nct\vork architcchlrc  was designed for our grout  Id and flight radiation cxpcrimcnts.  I’hc chips
~vcrc fabricated by W ,S1 l’cclmology  Inc. (VI’1)  using a 2-micron N-well CMOS process through Mclal-Oxidc-
Scnliconduclor  lll]I]lcll]cl~tatio[l  Scrvicc  (MOSIS). The c~~ips rciquircd a single pcwcr S}IPPIY of -8 volts.
consuming lCSS  than 80 mW. The chips contained 32 neuron CCIIS and 532 synapse’ CCIIS arranged in a partially
populated 32 ro~v by 32 column army. A photograph of the chip is shown in Figure 1. I’hc neurons were laid
along a diagonal in the array and starting from the left bottom corner, the synapses IYcrc placed to the right of the
]Icnrons.  Ho\vcvcr, for columns beyond #22, t hc synapses were placed in every 10IV position cxccpt along the
diagonal. “1’bus, the top portion of the circuit on the chip formed a feedback net (however, bccausc of the restricted
po~vcr  and memory buclgct. no feedback archi(ccturc  was used in our cxpcrimcnts.

A functional layout of the lower part of the chip is shown in Figure 2, NcuIon O (bo[tom left) is provided
an electrical current only externally. Neuron 1 is provided current cxtemaily  or from neuron O through a synapsc at
ro}v O, column 1. Neurons 2 through 22 reccivc current inputs oIIly  from onc or maIiy of the previous neurons
through the synapses in their rcspcc(i~c  columns. The last 9 neuro!ls  in columns 23 through 31 have 31 SyIrapSCS
conncctcd to the input of coch neuron.

Neuron and Synapse
JPL,’s analog ncur-al  nct\\rork dcvicc designs have been reprtcd in litcraturc[l  ,2]. A neuron is a nonlinear
tmnsimpcdancc  amplifier ~vith a sigmoidal  transfer function. It has a typical cu~rcl]t  summing circuit as its input,
}vhcrc the input controls a differential amplif  ’icr which controls a cumnt fecdb,ack circuit. The neuron’s output
voltage stage outputs a voltage which is a sigmoidal  function of the input currcnl. ‘1’hc  gain control circuit is
controlled by an cxtcrmlly  biased current mirror which is comnloli  to all the Rain control circuits  in all of the
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neurons. A high current (-10(.) @) input to this current mirror will cause the transimpcdance  function of the neuron
to lvrvc a more gradual slope in the operating range (+/- 100 LA)[l]. A voltage to curmrt converter is pmvidcd  for
each row to convert the neuron output voltage 10 an equivalent currcn(  input for the synapses in that row. Thus, a
multiple current mirror circui! provides identical current signals as input to all the SJ napses in that row.

A synapse circuit consisis  of a 7-bit multiplying digital to analog converter (MDAC) and a 7-bit digital
Incmory. This circuit outputs a binary weighted multiple of its a!lalog input current. The input curnmt  coming
from the neuron in that row is multiplied by the stored digital outpu~ weight (integer wrci~$t factor bctwccn -63 and
+ 63). Multiplication is accomp]ishcd  by conditionally scaling tllc input current by a series of current mirror
transistots[2].

Operation of Ncurirl Networks
The synapses in row O or row 1, Fig. 2, were used to provide analog input vahrcs to the neural network. Neurons O
and 1 could bc biased by an external current input so that the synapses in their  respective rows would output current
when t hcy were progmnuncd wiih a non-zero weight. In this way, the programmed synapses would force the
neurons in lhcir  cohIJnns to a ccrlain  voltage rdated  to the synapse M eights, thus setting the input krycr of neurons /7.,# L.

to the desired input value, The input layer of ncumns ~c~l.  connected to a hidden layer of neurons through synapses
in the same rows as the input neurons, and in the same columns as the hiddc~i ncuroos. 1,ikcwisc, the hidden
neurons fed through synapses to a layer of output neurons, Finally the signals from the outpu[ neurons were mad
out one at a time thro~lgh  an analog multiplexer which fed into the analog output bufrer. .fi,?~~

The chips on ground were csposcd 10 three ty,pcs  of ioniz.i ng radiation (electron, proton@l~ganlma rays).
Several tests \vcrc performed to study the effects of the ]oni~.ing radiation on harclwratc  co Juponcnts.  The individual
radiation cxpcrimcnt  was concluded when [hc ncuml network chip fa Ilcd and was untcs(ablc.  Chips under tesl  WCIC
ci(hcr electrically biased or unbiased, The unbiased chips were left !vith  all the pins connected to a conductive foam
pad to prevent any charge build-up on the transistors duc to radifition. Iliascd chips, on the other hand, WCR
powered with an 8 volt supply. Power was supplied to Vdd and ground, and the inputs to the bias transistors were
tumcd  “ofr’, i.e. ticcl either to ground for n-F13Ts or to Vdd for p-I’ETs. All of the outpu(  pins were left floating
and all of the digital iJ~puts ~vcre  grounded.

The net result was that many of the individual transistors ill  the chip had IIC) bias applied to their gates, but
a large majority of transistors’ states JVCJC  randomly de[cm]incd mch time the chip tvas powered up, since the
synapse mcmon latches were all uninitialiy,cd,  Thus, the synapses \verc in ~andom slate. as were the neurons. The
goal of this specific biasing schcmc was to avoid CMOS la~ch-up,  1,atch-up  still OCCU}$I on a co LJplc  of occasions - ‘~”’
during radiation exposure.

Cljip Tests
For ground tcs[ing  the neural network chips, mounted On a board ~vitb resistors to bias sclcctcd  chip inputs, power
supply connect ions. connccIors  fort hc computer intcrfacc, and digiial  level shifters, \vcrc interfaced to a 486/33 PC
clone with digital and analog boards plugged into the PC’S ISA bus l’hc intcrfacc  boards supplied all tt{c ncccwuy
digital 1/0’s, two 12-bi( 1)/A channels, and one 12-bit AID channel. Char-ac[crization  tests were pcrfonncd  for
output buffer (linearity check). neuron (Sigmoidai curve check), dip,] ta! lnCIJIOJY. and synapse-neuron circuits of the
neural network chips,

~’hc memory is organixed as 532 randomly accessible 7-bit words with 10-bit addresses. q’here are 492
(1024-532) unused memory addresses. The memory test compl iscs t\vo tests,  a simple memory test and a
“walking-ones” mcmors test, The simple memory test wrote and read all 128 values from -63 to -O and + O to +63
for each of the 532 ]ncl;~ory  words, In the “walking-ones” memory  test, a backp,routld  pattcm was written to all of
the addresses. and a foreground pattcm (a con)plemcn[ of the back~lound  pattern) wm wiltcn to one address. Then.
all the addresses \vcrc read back to see if the patterns were written to the appropriate addresses. This was Jcp@cd
with all of lhc memory addresses being chosen one at a time to rtccivc  the forcg[ound  paucrn  (o test  cxlmustively
for cr[ors in the n]cmo~y  addressing circuits

The synapse-neuron test proccclurc tests all 532 synapses and 31 of the 32 neurons. Iiach synapse’s outpu{
curmnl  is swept by prog,mmming  the M DACS from -63 to +63 and obsclving  the voltage output froJt] t hc
corrcs~)onding neuron. Whi]c  one of the synapses is bcill~  tcslcd,  all the olhcr syJIapscs  arc programmed to Z.cro to
eliminate their effect,

I’hc synapses arc controlled through other nCUJ-OnS  at t hc input and com’olutcd through other circuits at the
output and arc thcrcfom the hardest components to test These curves show the radiation effects not oJdy oJl the
synapses but on the neurons. the gain-con[  roI circuits, and the output buffcJ. ‘1’o quantifj’  our observations, a
“monotonicity”  test was devised. l’his  test compares Mch point On a synapse’s CUJVC  with the next more pOSltiVC
point to scc if it was n]onotol]ically  increasing. ~’he number of l~ol~-l~~orloto~licitics  were counlcd and Ihc degree of
crl-or  was measured,
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Chip Failure Criteria
Since h chips could fail in a number of diffcreni  ways, wc devised a functionality and failure criteria for the chip
as a whole, l’bus, a chip Jvas considered nmr-fincfional  if any of the following occulbd:  (1) 11 consumed over 200 >,

n~A with an 8 volt power supply  (1.6 WatIS);  (2) TIIC analog pcrforrltancc  was so dfttortcd  as to make it unusable
as a neural net~vork; (3) 800/0 of the total mctnory  had failed,

Space Fhvironmcrrt  Experiments
Two chips with closest match  to each other WCR selcctcd  for fligh[  e.x~crimcnts. ‘I”hcse  chips were mounted and
wired 011 a circuit board, One chip was relatively shielded and the olhcr exposed to the space radiation[3],  Power
supply and control logic was asscrnblcd  on a separate board and the IWO boards were controlled by an on-board
computer, Computer code was dcvclopcd to characterize the chips in space. Th~-c tests, memory, synapse-neuron,
and neural net work learning tests, were performed lasting a fcw minutes to all hour (during an orbit of- 10 hrs).

Results (Ground Radiation)
The most significant observation from all of the ground radiation tcsls was that the biased chips degraded more than
an order of magnitude faster than the unbiased ones. The cumulative doses for the unbiased chips were 140 krads
for the electron radiation, 250 krads for the gamma radiation, and 440 krads for the proton radiation, The biased
chips had much lower cumulative doses of 6 krads for the electron radiation, 7,5 kracls for the low dose rate (O. 1 rad
/see) gamma radiation, 5 krads for the high dose rate (50 mdkc)  gamnta  radiation, and 30 krads  for proton
radiation, Figures 3 and 4 provide an overview of the radiation effc.cts. Figure 3 is a bar char-l showing the chip
failures for tbc three ionizing spccics  at different total dose ICVCIS  fol biased and unbiasccl  chips, As can bc seen, the
biased chips fail at about 5-7.5 krads of total dose whereas, unbiased chips can tolc]atc  total doses to 200-400 krads
before they become nonfunctional. Figure 4 shows the rnonotonicity  errors for the biased and memory errors for the
unbiased chips[4].

l’hc results of the ground radiation data with total accumulated dose up to 30 krads were further analyzed
The follo~ving  data (Table 1 and Fig, 5) depicts tf~e increasing steepness in the slope of the synapse neuron curve
based on three synaptic weight values (-1. O, +1, selected in the lillcar  region) fc~r a randomly sclcctcd neuron //27
(out of a total of 32) for electron radiatiolt,  7’hc data for other ncurolls  arc also silnilar.

Tab]c 1, Neuron output voltage (millivolts) as a function of synaptic weight
resolutions for increasing total doses (hi}:h  energy electrons).

————————————-  .—— —- ——— ——-. . . .. —— ----- .—— —-. -.— — . —. . . . . .— —-. .
Synapse Total Dose (tmds)
w_cl@J

-%?

. 5 10 _2J _. _ -3L)
-1,0 53 . 5298 522? 5098 5010
0.0 5398 5440 540’/ 5355 53?,2
1,0 _  5498 5571 5583 _.__ XL!-Q5586

synapse-ncLlron
curve slope
(n)v/  SW) 98 137 181 244 300

—-. —— ------ -- —-.--— ..-. -.-. ---— —— ------ --—- ..--. --- ——— — ------- ----- -....-.-—-.—-

]t shows that an avcmgc  change in syllapse-lEUrOll  curve slope is 6.73 mi Iii\’oils per s~’naptic ~vcight Wr
krad,  I’his  value is clcpcndcn(  on the clcctl-ical gain biases used for the ncuroll  al~d synapse circuits, and would
chan~c  the slope considerably ivhcn tbcy arc changed, “J’his  analysis offets  a ~,ood comparison with the available
flight data.

‘1’hc  output buffer test a( 30 krads  showed initial signs of a distortion (“kitk”) at the high end, I’his  kink
could bc seen in al] the tcs(s  inc]udin~  t}~c neuron tests and the s) napsc-ncurol~  tcs[,  since the output voltage  was
always measured via the output buffer. ‘1’hc neurons O and 1, and all the s}rrka])sc-]~cl]t’oll  curves continued to sho\v
stccpcr (higher gain) sig, moidal  curves ~vith monotonicity errors at 40 krads and beyond.

Space l~,nvironmcnt  MfTccts

l’EMPIi1{A3’UI{E  ‘t’ES”I’S: The chips mounted on the flight board WCIC tested on ~round at different
temperatures before launch as the tcmpelature  of the circuit board ill space was cxpcctcd to fluctuate between -20 and
+ 50° c, As the circtlit board tc[npcraturc  was monitored durinp,  flight, this test ~rmittcd the SpICC data to bc
convcr{cd to a common tcrnpcraturo  base for proper il~tcrprctati<ln. Wi[h tlIc characterization at tlvc different
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Icmpcraturcs  (-20, 0, 25, 37, and 50 ‘C) and for SCVCII differcn[ weight values (-63, -32, -1, 0, + 1, + 32, and +-63) a
tolal of 2240 data points  were taken for 32 neurons each on the two flight chips,

The neuron output  as a functioa of synapse wei~hts  was ~dottcd as a frulction of tcrnpcraturc.  It was
observed that Ihc change in (I)c neuron output  was gradual with charq:c in the Icnlpcr:iture  and could bc rcprcscntal
as linear curves for each of the three synaptic weight values (-1, O, and +1). Using (1IC tcn~Wrahm sensitivity and
choosing neuron #27, the flight  data were convcrtcd to a common tc]npcraturc  of 25° C for three sclcctcd  synaptic
weight values of -1, 0, and +-1. Again t hc range of values from -1 to + 1 is in the linear region  of the characteristics,
and is prone to slope change with radiation dose, This information is used to dctcnninc the space radiation effects
for the exposed chip,

SPACE DATA: Of the total 31 orbits (from amongst #5 through #? 28) during which neural network cxpcrimcn[s
were run and data was collcctcd, three orbits, #66, #161, and #228 were sclcctcd  as rcprcscntativc  for data analysis.
Even though the first neural network data was trrkcn at orbit  #5, orbit #66 represents the first orbit for which
Icmpcraturc  and radiation flux data was availablc[S]. Orbit #161 is ruughly  a mid point for which tctnpcraturc  and
radiation flux data were available. The exposed and the shlcldcd chips were assunlcd,  to be at the same temperature.
Figures 6 (a) and (b) show the orbit data for the exposed and shielded chips rcspec(ivcly,  giving the neuron output
vollagcs  for the three synaptic weights for the three chosen orbits.

13ascd  on the radiation flux data and the times of operation of the chip, it was Calcu]atcd approximately that
the exposed chip rcceivcd a total dose of approximately 11 krads  of r:ldiation when il \\ras unbiased, and only about
120 to 200 rads while biased, Ihcreforc,  it is obvious that the radiation effects arc plinlarily duc to the 11 krads  of
dose while the chips were unbiased,

Hascd on this data, calcrdatcd  slopes of the curves arc given in Table 2 as a comparison bctwccn shielded
and exposed chips. As expected. the shielded chip shows a very small, though n~casurcablc,  slope change whereas
the exposed chip has undergone a significantly larger chrulgc in its slope. This behavior is corrobomtcd  by that
observed in our earlier ground tests (Table 1).

~’able 2. Slope of the synapse-neuron curves given as ncurotl  ou[pu(
in milli~’olts  pcr unit synaptic wcif:ht  (nlV/s\v).

-.————--——————————.  .—— ———  ——.. —-. .- ——-.  .. —- —————.-———  . .- —--— —.
Chip Orbit Total L)ose (kRads) slope (nlv/sw)
——— ——— ——— ——— ———---— ——— ———-. —-- .- ——-. —— . ————- .-— —— . .. —-.  ——  -
Shicldcd 66 0.2 167

“ 161 0.5 167
.< 228 1.0 181

-. ——— ——--— ——--— ——--—--  ——— ———  —-. —-. .- ——-. ——. .. ———  — .--. —— . ..- . . ..— —
Fkposcd 66 3.0 223

.’ 161 6.0 2.65

. . 288 11.0 321
-.-.-.—-.——-  .-. ——. -—----. -. —- ——— ——--. —-. .. ——-.  .-—. .. —— —-. ..-. —— . .. —-. —— -

I’hc synapse neuron cur-vc slope for the chips was about 167 nl\’/s\\  u ilh very little radiation, w’hich
incrcascd  gradually to 321 n~V/sw after 11 krads of total dose. Thus a change of slope of 14 n~V/sw per krads of
total dose was obtaincci.  1 Iowcvcr,  this change in slope did not affect the lcarnillg  test al all. Similarly, the total
CIOSC was not enough to cause any mcrnory damage either.

Summary
Neural Network analog chips were subjcc[cd  to degradation on grourld  using clcc(ton,  proton, and ~amma
radiations. Similar chips were flown in geosynchronous transfer orbi( and space degradation was anaiyx,cd.
“1’hc clata sho~v the follo~ving:
a), ‘I”hc unbiased chips continue to pcrfonn  even with considerable radiation (ia[nagc.
b), Chips when unbiased continue to function with greater tha[l  an order of rnagllitudc  higher total dose

compared to biased chips.
c). ‘1’hc data sho~vs three failure modes: (l) Stccpcr synapse-ncu ron cunc slope ~vith dose; (2) A left shift of

the synapse-neuron curve duc to increased synapse. current leakage; and (3) F’aihlrc  of digital memories.
“1’hcsc cxWrinlcnts  have demonstrated graceful degradation and fault tolerant pcrforn~ancc  of neural ncttvorks in harsh
space cnvironmcl)t and a potential for usc of neural network architcc(llrcs  for future space missions.
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source for biased and unbiased neural network chips.
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and s}’ names ale in the array as circles, The 32-neuron. .
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